In an influential study, Carlyon and Shackleton ͓J. Acoust. Soc. Am. 95, 3541-3554 ͑1994͔͒ measured listeners' performance ͑dЈ͒ in fundamental-frequency ͑F0͒ discrimination between harmonic complex tones ͑HCTs͒ presented simultaneously in different spectral regions and compared their performance with that found in a sequential-comparison task. In this Letter, it is suggested that Carlyon and Shackleton's analysis of the simultaneous-comparison data did not adequately reflect their assumption that listeners were effectively comparing F0's across regions. A reanalysis consistent with this assumption is described. The new results suggest that under the assumption that listeners were effectively comparing F0 across regions, their performance in this task was substantially higher than originally estimated by Carlyon and Shackleton, and in some conditions much higher than expected from the performances measured in a traditional F0-discrimination task with sequential HCTs. Possible explanations for this outcome, as well as alternative interpretations, are proposed.
I. INTRODUCTION
Signal detection theory ͑SDT͒ provides a unifying framework for comparing results across studies involving different psychophysical paradigms, tasks, or procedures ͑Green and Swets, 1966; Jesteadt and Sims, 1974; Jesteadt and Bilger, 1975͒ . Such comparisons may then be used to gain more insight into the mechanisms of perception than could be obtained with comparisons restricted to data all gathered using the same paradigm.
An interesting illustration of this approach can be found in an influential study by Carlyon and Shackleton ͑1994͒. In that study, the same listeners were tested in two experiments that were both thought to involve fundamental-frequency ͑F0͒ discrimination abilities. One experiment ͑experiment 3a in Carlyon and Shackleton's article͒ was a basic two-interval two-alternative forced choice ͑2I2AFC͒ F0-discrimination experiment, in which listeners were asked to indicate which of two consecutive harmonic complex tones ͑HCTs͒ had a higher F0. The other experiment ͑experiment 3b in Carlyon and Shackleton's article͒ involved comparing two consecutive pairs of simultaneous HCTs filtered into different spectral regions. In one of the two pairs, the two HCTs had the same F0; in the other pair, the two HCTs had different F0's. The listener's task was to indicate in which of the two pairs the two simultaneous HCTs had different F0's.
In order to compare performance in the two experiments, Carlyon and Shackleton transformed the proportion of correct responses into dЈ. They found that, when the two HCTs being compared both contained peripherally resolvable harmonics, the dЈ's measured in the experiment with simultaneous HCTs were not significantly different from those predicted based on the results of the experiment with only sequential HCTs. In contrast, when one of the two simultaneous HCTs contained resolved harmonics and the other did not, the dЈ's measured in the experiment with simultaneous HCTs were significantly lower than predicted. Carlyon and Shackleton noted that this pattern of results was consistent with the hypothesis that the F0's of resolved and unresolved harmonics are processed by different mechanisms, the outputs of which cannot be directly compared. They suggested that the necessary "translation" of these outputs into a common format caused performance in F0 comparisons between resolved and unresolved harmonics to be limited by some internal "translation noise." Because of its important implications for pitch perception theories, Carlyon and Shackleton's study has generated much interest in recent years ͑Med-dis and O 'Mard, 1998; Grimault et al., 2002; Plack and Carlyon, 1995; Gockel et al., 2004; Micheyl and Oxenham, 2004͒. In this note, we suggest that Carlyon and Shackleton's SDT analysis of the results of their experiment with simultaneous HCTs is not consistent with their assumption that listeners were comparing F0's across regions in that experiment. We propose a reanalysis of the experimental data that is consistent with this assumption and, on the basis of the results of this reanalysis, point out alternative interpretations of the data.
͑likelihood-ratio͒ strategy determines the relationship between dЈ and proportion correct in the considered experiment.
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For the sequential F0-discrimination experiment, the answer is obvious. Since this experiment involved a basic twointerval, two-alternative forced-choice ͑2I2AFC͒ paradigm with a roving standard, the optimal strategy is to subtract the perceived F0 in the first interval from that in the second interval, and respond "interval 2" if the resulting difference was larger than zero or "interval 1" otherwise ͑Green and Swets, 1966; Macmillan and Creelman, 1991͒ . With this decision rule, the relationship between dЈ and the proportion of correct responses, P C , is given by Green and Swets ͑1966͒ ͑see also: Macmillan and Creelman 1991͒
where ⌽ −1 denotes the inverse of the cumulative standard normal.
The optimal strategy in the experiment involving two pairs of HCTs is less obvious. Although this experiment superficially involved a 2I2AFC task, each observation interval in fact contained two ͑simultaneous͒ HCTs. In one of the observation intervals, the two F0's were the same, while in the other they were different. If it is assumed that the listeners have access to the F0's of the two HCTs in each interval, and that they compare these F0's, the experiment is more accurately described as a dual-pair comparison or fourinterval AX ͑4IAX͒ task.
Possible strategies for the 4IAX paradigm have been described in earlier publications ͑Macmillan et al., 1977; Kaplan et al., 1978; Noreen, 1981; Rousseau and Ennis, 2001͒ . The strategies available to listeners depend on the specifics of the experimental design. If the design is such that it prevents listeners from relying on absolute judgments of the observations, and instead forces them to rely on comparisons between observations, then the best that listeners can do is compare the absolute value of the differences between the two observations in each pair, and select the pair for which the absolute difference is larger; this is the so-called differencing strategy for the 4IAX paradigm ͑Rousseau and Ennis, 2001͒.
Two implementation features of Carlyon and Shackleton's experiment with simultaneous HCTs constrained which strategy the listeners could use in order to perform optimally. First, the baseline stimulus F0 was roved widely across trials, which drastically limited the use of a fixed internal reference, and produced highly correlated sensory observations. Second, in the stimulus pair containing HCTs with different F0's, the higher-F0 HCT was assigned randomly to the lower or to the higher spectral region; thus, the sign of the difference between the two observations in each pair was irrelevant to the task. It can be demonstrated that under these circumstances, the differencing strategy is the optimal strategy ͑Micheyl and Messing, unpublished͒.
Under the differencing strategy, the relation between proportion correct and dЈ in the 4IAX paradigm is ͑Mac-millan et al., 1977͒
where ⌽ is the cumulative standard normal. Different ͑but equivalent͒ formulations of the relationship between proportion correct and dЈ for the differencing strategy in the 4IAX design can be found elsewhere ͑e.g., Rousseau and Ennis, 2001͒. Thus, the relationship between dЈ and proportion correct in Carlyon and Shackleton's experiment using simultaneous pairs of HCTs should, in theory, be that described in Eq. ͑2͒. Instead, Carlyon and Shackleton treated both experiments as standard 2I2AFC paradigms and, accordingly, used Eq. ͑1͒ or an equivalent of it, in order to transform into dЈ the proportion-correct values measured in their two experiments. However, the relationship between dЈ and proportion correct described by Eq. ͑1͒ is based on the assumption that listeners made only two observations and only one comparison on each trial, which is inconsistent with Carlyon and Shackleton's tacit assumption that listeners compared F0 across spectral regions in each of the two observation intervals from each trial. Accordingly, we reanalyzed the data from Carlyon and Shackleton's experiment involving two pairs of harmonic complexes using Eq. ͑2͒.
III. REANALYSIS OF CARLYON AND SHACKLETON'S DATA
The dЈ values shown in Fig. 7 of Carlyon and Shackleton's article were converted to proportions of correct responses using the inverse form of Eq. ͑1͒. The resulting proportions were then transformed back into dЈ using the inverse form of Eq. ͑2͒.
3 The recomputed dЈ values are plotted in Fig. 1 as open symbols connected by solid lines. These can be compared to the dЈ values originally calculated by Carlyon and Shackleton for this task, which are shown here as filled symbols connected by solid lines. The dЈ values that were predicted by Carlyon and Shackleton based on the results of the sequential F0-discrimination task are also replotted here as open symbols connected by dotted lines.
It can be seen that the recomputed dЈ values are systematically and markedly ͑ϳ80% ͒ larger than the dЈ values originally calculated by Carlyon and Shackleton. This suggests that if listeners really compared F0 across spectral regions in the simultaneous case, Carlyon and Shackleton's ͑1994͒ calculations substantially underestimated performance in this task. Furthermore, when the recomputed dЈ values are compared to those predicted based on the results of the basic sequential F0-discrimination experiment, it is found that in three of the four conditions tested, the predictions fall below the recomputed dЈ values. Leaving aside the MIDHI 88-Hz condition ͑for which Carlyon and Shackleton indicated a strong reason to expect higher performance, based on pitch-pulse asynchrony cues͒, planned comparisons ͑two-way repeated-measures ANOVAs contrasting the predicted and recomputed dЈ values, with the F0 difference included as a factor͒ showed a significant difference between the predicted and the recomputed dЈ values for the LOMID 250-Hz condition ͓F͑1,2͒ = 921.054, p = 0.01͔, as well as for the LOMID 88-Hz condition ͓F͑1,2͒ = 94.881, p = 0.010͔, but not for the MIDHI 250-Hz condition ͓F͑1,2͒ = 0.108, p = 0.774͔.
IV. DISCUSSION
The present results can be interpreted in two main ways, depending on whether or not one is willing to accept that Carlyon and Shackelton's experiment with two pairs of simultaneous HCTs filtered into different spectral regions involved basically the same F0-comparison mechanisms as the more traditional sequential F0-discrimination experiment. If it is assumed that this was the case, then the results of the present reanalysis indicate that simultaneous F0 comparisons between HCTs filtered into different spectral regions can be significantly more accurate than F0 comparisons between sequential HCTs filtered into the same spectral region, even when one of the two simultaneous complexes contains resolved harmonics while the other does not ͑see the results of the LOMID 88-Hz condition͒. This conclusion is the opposite of that drawn by Carlyon and Shackleton ͑1994͒, who concluded ͑based on the same data͒ that performance was systematically poorer than predicted in conditions involving simultaneous comparisons between resolved and unresolved harmonics.
Nevertheless, the new analysis remains consistent with Carlyon and Shackleton's main finding that F0 comparisons between resolved and unresolved harmonics are less accurate than comparisons between harmonics of the same resolvability status. Indeed, even with the recomputed data shown in Fig. 1 , the amount by which observed performance exceeds predicted performance is somewhat larger in resolvedunresolved conditions ͑LOMID-88 Hz and MIDHI-250 Hz͒ than in resolved-resolved conditions ͑LOMID-250 Hz͒. This is consistent with relatively more noise being present in the former than in the latter conditions, regardless of whether the sequential listening conditions involved more noise than the simultaneous ones or not ͑see footnote 3 in Carlyon and Shackleton͒. Two possible reasons for which simultaneous F0 comparisons may be more accurate than sequential comparisons are, first, that sequential comparisons involve memory noise while simultaneous comparisons do not ͑Durlach and Braida, 1969; see footnote 3 in Carlyon and Shackleton, 1994͒, and second, that instantaneous acrossregion comparisons are immune to correlated noise across peripheral channels ͑Durlach et al., 1986; Dai and Green, 1992͒ . Another possible explanation, which is more specific to the considered experiments by Carlyon and Shackleton, is that in these experiments the F0 of the stimuli varied over time ͑it was modulated over 5% at a rate of 2.5 Hz͒. This variation in F0 over time may have limited listeners' ability to make sequential F0 comparisons, as it may have required that the estimated F0 tracks from the two HCTs be temporally aligned prior to being compared. In contrast, when the HCTs to be compared were simultaneous, the F0 modulation being phase coherent, listeners could compare F0's across spectral region on a moment-by-moment basis. This could explain the higher performance in simultaneous acrossregion comparisons than in sequential within-region comparisons.
While there are some reasons to expect sequential F0 comparisons between HCTs filtered into the same spectral region to involve sources of internal noise to which simultaneous F0 comparisons between HCTs filtered into different regions may be immune, there are as many if not more reasons to expect the converse. For instance, the salient timbre differences between complexes filtered into different spectral regions may have a detrimental effect on the ability to make fine F0 discrimination between these complexes ͑e.g., Faulkner, 1985; Moore and Glasberg, 1990; Micheyl and Oxenham, 2004͒ . Furthermore, due to pitch-shift effects, differences in spectral region may cause complexes having the exact same F0 to sound like they have a different pitch ͑Chuang and Wang, 1978; Singh and Hirsh, 1992͒. Finally, it has recently been shown ͑Gockel et al., 2004͒ that the perception of the F0 of a harmonic complex filtered in a spectral region can be adversely affected by the simultaneous presence of another complex in a different region, especially when the F0's of the two complexes are relatively close. In the light of these earlier results, the conclusion that performance in simultaneous F0 comparisons across different spectral regions is generally better than performance in sequential F0 comparisons within the same region may appear difficult to accept.
An alternative interpretation of the current results is that the two considered experiments of Carlyon and Shackleton involved different perceptual mechanisms. Although both experiments probably required the extraction of F0-related information at some stage, it is quite possible that this F0 information was utilized very differently in the two experiments. For instance, task performance in the experiment with simultaneous complexes could be based primarily on the output of F0-based grouping/segregation processes, whereby simultaneous HCTs having different F0's were perceived as less well-fused than HCTs having the same F0 ͑Darwin, 1992͒. Although grouping and segregation processes possibly involve some implicit comparison of F0 information across spectral regions, they may not necessarily engage the same F0-comparison mechanisms as a sequential task.
4 Like Carlyon and Shackleton's ͑1994͒ original analysis, the present reanalysis is based on the assumption that the sequential and simultaneous "F0-discrimination" experiments involved the same type of F0-comparison mechanisms. Without this assumption, it becomes unclear how performance obtained in these two types of tasks can be meaningfully compared in order to elucidate the nature of the underlying pitch mechanisms.
In any case, the present reanalysis and the resulting reversal of the conclusions regarding relative task difficulty illustrate the importance of selecting the correct decision models when comparing performance across different tasks.
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